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Systems biology seeks a genomic-level interpretation of transcriptional regulatory information
represented by patterns of protein-binding sites. Obtaining this information without direct
experimentation is challenging; minor alterations in binding sites can have profound effects on
gene expression, and underlie important aspects of disease and evolution. Quantitative modeling
offers an alternative path to develop a global understanding of the transcriptional regulatory code.
Recent studies have focused on endogenous regulatory sequences; however, distinct enhancers
differ inmanyfeatures,making itdifﬁcult to generalize to othercis-regulatoryelements. Weapplied
a systematic approach to simpler elements and present here the ﬁrst quantitative analysis of short-
range transcriptional repressors, which have central functions in metazoan development. Our
fractional occupancy-based modeling uncovered unexpected features of these proteins’ activity that
allow accurate predictions of regulation by the Giant, Knirps, Kru ¨ppel, and Snail repressors,
including modeling of an endogenous enhancer. This study provides essential elements of a
transcriptional regulatory code that will allow extensive analysis of genomic information in
Drosophila melanogaster and related organisms.
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Introduction
The rapid increase in sequenced genomes has provided an
extensive parts list of organisms; however, deeper under-
standing of the regulatory code of the genome is critical to
discerning the dynamic activity of biological systems. (By
regulatory code, we mean the relationships reﬂecting bio-
chemical interactions between transcription factors reﬂected
in the structure of binding sites in cis-regulatory regions.)
Subtle changes in regulatory elements are often involved in
hereditary diseases, population differences, and the evolution
of morphological novelties (Carroll et al, 2001). Comparative
studies have shown that regulatory regions can retain function
over large evolutionary distances, even though the DNA
sequences are divergent and poorly alignable (Ludwig and
Kreitman, 1995; Hare et al, 2008). The ﬂexibility in arrange-
ment of binding sites is not unlimited, however. For instance,
the effectiveness of short-range transcriptional repressors that
have important functions in Drosophila development is
strongly inﬂuenced by activator–repressor distances (Gray
et al, 1994; Arnosti et al, 1996a; Kulkarni and Arnosti, 2005).
TheDrosophilablastodermembryoprovidesanidealsetting
for the analysis of transcriptional enhancers; the cascade of
maternally and zygotically supplied transcription factors has
been extensively investigated at a molecular level, and many
DNA regulatory elements have been identiﬁed and function-
ally dissected. In this system, genes with complex expression
patterns are controlled by multiple enhancers, whose modular
function depends on the local action of repressor proteins
(Small et al, 1993). Although Drosophila features a derived
syncytial embryo, it is clear that similar regulatory networks
control development in a cellularized environment (Denell,
2008). Similar modular enhancers provide complex develop-
mental signaling in higher metazoans. In light of the
similarities between Drosophila and mammalian transcription
factorsandsignaltransduction components,itislikelythatthe
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function in metazoans in general. The blastoderm embryo has
been used for quantitative analysis of gene expression by
reaction diffusion, Boolean, and fractional occupancy model-
ing (Sa ´nchez and Thieffry, 2001; Jaeger et al, 2004; Segal et al,
2008). Fractional occupancy models draw from simple
biophysical principles and statistical physics to predict the
overall readout of endogenous enhancers (Bintu et al,
2005a,b). In these models, parameters include the binding
afﬁnity of transcription factors to the DNA and cooperativity
between proteins. Although these models are based on
quantitative modeling of DNA–protein interactions, they are
generally joined with a phenomenological description of the
gene regulatory process to take into account important, but
less accessible, features such as chromatin modiﬁcations and
RNA polymerase phosphorylation.
Simple prokaryotic systems provide a tractable setting for
quantitative studies, and fractional occupancy models have
been applied to the lac operon in Escherichia coli and the lysis/
lysogeny switch of phage lambda (Von Hippel et al, 1974;
Ackers et al, 1982; Shea and Ackers, 1985, Vilar and Leibler,
2003). Use of these models in eukaryotes is more problematic,
given the higher degree of enhancer complexity in eukaryotic
systems, but Drosophila enhancers have been treated by
fractional occupancy models that account for factor spacing
and recruitment of co-regulators (Janssens et al, 2006; Zinzen
et al, 2006). These models can reproduce the behavior of
speciﬁc enhancers, but a major limitation of fractional
occupancy modeling of endogenous enhancers is that models
of a single regulatory region may not generally apply to other
elements. In studies of multiple enhancers, the parameter
estimation has been difﬁcult, as the different architecture of
distinct enhancers, even those regulated by the same proteins,
makes it difﬁcult to know which parameters (number of
bindings sites, relative arrangements, etc.) are important to
determining the particular activity of an enhancer (Segal et al,
2008). As we describe here, a more systematic approach is
necessary to parse the contributions of individual physical
features to enhancer activity.
One particular area that has been inadequately explored is
theimportantfunctionoftherepressorproteins.Giant, Knirps,
and Kru ¨ppel are regionally deployed short-range repressor
proteins that bind to and control the patterning of pair-rule
genessuchasevenskipped.Earlierstudiesshowedthatprecise
positioning of short-range repressors on an enhancer can be
used to generate the appropriate expression pattern in a
morphogenetic ﬁeld in which the concentration of these
repressors are used to set gene expression thresholds (Hewitt
et al, 1999; Clyde et al, 2003). Thus, the ﬂexibility of enhancer
architecture incorporating these proteins is constrained by
some distance limitations. Our earlier study showed that
activator–repressor stoichiometry and arrangement of binding
sites also inﬂuence the overall readout of developmental
enhancers (Kulkarni and Arnosti, 2005). To build tools able to
accurately predict the function of novel enhancer sequences,
we recognized a need to quantitatively measure the speciﬁc
contributions of these factors to overall enhancer function.
Here, we describe the creation and quantitative assessment of
a well-deﬁned set of transcriptional regulatory modules in the
Drosophila embryo, in which individual aspects relating to
repressor–activator spacing, stoichiometry, and arrangement
aresystematicallyexplored.Usingquantitativedatafromthese
genes, we apply a fractional occupancy-based approach to
model the interaction of short-range repressors with endogen-
ous transcriptional activators. We show that this approach
can correctly decipher the transcriptional regulatory code
of endogenous enhancers, pointing the way to a general
approachforunlocking thetranscriptional regulatory informa-
tion of genomes.
Results
Gene modules
We set out to map regulatory surfaces of genes controlled by
short-range repressors; these surfaces show the functional
relationship of activator/repressor input and gene expression
output (Figure 1). Such regulatory surfaces reﬂect evolution-
ary forces that shape gene output, as shown for the lac operon
(Setty et al, 2003; Mayo et al, 2006). The design of the
enhancers responding to short-range repressors accommo-
dates sensitive distance and binding site parameters within
a ﬂexible design framework (Clyde et al, 2003; Kulkarni
and Arnosti, 2005). The output of a model of a particular
conﬁguration of transcription factor-binding sites should lead
toaregulatorysurfacethatallowsmappingofknownvaluesof
regulatory factors, such as Dorsal and Twist activator protein
levels, and Giant repressor protein levels, through this surface
to produce an expected regulatory outcome (Figure 1).
To carry out this scheme on a practical level, we created a
series of genes to test in a systematic manner the effect of
parameters affecting repression. The quantitative measure-
ment of these genes was used to create a database suitable for
quantitative modeling, identiﬁcation of parameters related to
repressor activity, and analysis of endogenous regulatory
elements (Figure 1E). We used endogenous activators and
repressors that are active in the blastoderm embryo. A
convenient juxtaposition of anterior-posteriorly expressed
repressor proteins Giant, Kru ¨ppel, or Knirps are superimposed
on the patterns derived fromactivators workingon the dorsal–
ventral axis to generate readouts as shown in Figure 1. This
design permits the simultaneous monitoring of repressed
and unrepressed states in a single embryo. Twenty-seven
P-element-based genes were inserted into the Drosophila
germline to produce stably integrated lacZ reporters. We
tested multiple lines for each; position effects had some effect
on overall expression levels, but not on relative repression
effectiveness. As described below, activator signals are
normalized before parameter estimation and modeling,
removing this potential source of variability. On the basis of
the earlier studies, we knew that spacing between activators
and repressors would be a critical element to model, thus a
series of genes (1–8, Figure 2) tested variable distances
between Giant repressor-binding sites and the nearest Twist
activator sites. As revealed by conventional in situ staining,
repression effectiveness was markedly attenuated by this
increase in spacing. Genes for which the most proximal-
binding site for Giant was located at least 81bp from the
nearest Twist site failed to show any repression (genes 6–8,
Figure 2). A gene containing a single Giant-binding site
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consistent with earlier reports (Hewitt et al, 1999), and this
repression was also found to be distance-dependent (genes 9,
16). Increasing the number of binding sites to three (genes 10,
17, 18) seemed to generate an especially effective repression
context, one that was similarly susceptible to distance effects;
at this level of resolution, it was not clear whether the distance
function is appreciably different with different numbers of
repressors.Wealsotestedtheeffectofarrangingtherepressors
in a distinct pattern, so that some sites were located 30 of the
activator cluster, adjacent to the Dorsal activator sites. In this
way, we were able to test whether overall stoichiometry of
repressors to activators was the sole determinant of repression
effectiveness when binding sites are close to the activators. We
noted that different distributions of two or three sites seemed
to yield similar results, whether all sites were located 50 of the
activator cluster, proximal to the Twist activator sites, or with
some of the Giant repressor sites located 30 of the activator
cluster, adjacent to Dorsal (genes 12, 14, 19). Insertion of a
340bp neutral spacer sequence between the transcription
factor cluster and the basal promoter did not change the
pattern of gene expression, suggesting that the repressor is not
acting directly on the basal promoter in this context (genes
12 versus 13; 14 versus 15). Most blastoderm enhancers
characterized for these regulatory proteins are located some
distance from transcriptional start sites; thus, the distance
independence of these modules mimics the activity of
endogenous enhancers. We furthermore tested the effect of
increasing the number of activators located in the vicinity of
the repressors (genes 11, 27) and found that repression
effectiveness was little compromised in the case of Giant, but
seemed to be attenuated in the case of the weaker Knirps
repression. Weaker-binding sites for Giant produced attenu-
ated repression, as expected (gene 20). Finally, a series of
genes with increasing numbers of binding sites for Knirps and
Kru ¨ppel allowed for direct comparison of repressor effective-
ness and effects of stoichiometry (genes 21–26); as noted for
Giant, more sites were generally more effective, but overall
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Figure 1 Transformationof DNA sequence and protein information bygene modeling. (A) Anenhancer with three repressors (redsquares) and four activators (green
circles)ismodeled,togeneratethegeneexpressionsurfaceshownin(B).Theaxesrepresentnormalizedactivator,repressor,andgeneactivitylevels.(C)ADrosophila
embryo with Giant repressor (red stripes) and Dorsal activator (green) staining is shown. Each embryo provides a diversity of potential inputs to the regulatory element:
the white arrow points to a region in which activator levels are high and repressor levels are low. The black arrow points to a region in which both activator and repressor
levelsarelow.Thewhitetrianglepointstoaregioninwhichactivatorandrepressorlevelsarebothhigh,andtheblacktrianglepointstoaregioninwhichrepressorlevels
are high and activator levels are low. (D) Output of regulatory element shown in (A), which mirrors values from (C) being mapped through surface shown in (B).
(E) Formal scheme of data collection, analysis, and modeling.
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may be attributed to weaker-binding sites, lower absolute
levels of the protein, or protein activity, as discussed below.
The quantitative analysis of these genes was followed by
quantitative measurements described below.
Image processing and data analysis
Tosimplifymodeling,weinitially restrictedourmeasurements
to the regions of the embryos containing peak levels of the
Dorsal and Twist activators, which were identiﬁed as ventral
regions expressing 460% of peak lacZ levels. To identify gene
responses to varying repressor levels, we generated correlated
Giantprotein/lacZmRNAplots(Figure3).Thisstepinvolveda
series of image-processing procedures, as described in Ay et al
(2008). The relative levels of gene expression as a function of
repressor protein were plotted for individual images and
compiled into composite plots (Figure 3) (Ay et al, 2008).
Theseplots wereused to infercis-regulatory rulesbyfractional
occupancy models as described below. Further information is
provided in Materials and methods.
Fractional occupancy modeling
Fractional occupancy models of transcriptional regulatory
regions enumerate all possible states of an enhancer based on
potential transcription factor–DNA interactions, and then
calculate the probability of a gene ﬁring as the fraction of the
successful states, that is those with activators bound, and
without excessive interference by repressors (Bintu et al,
2005a; Janssens et al, 2006; Zinzen et al, 2006; Segal et al,
2008). To capture the important function of short-range
repressors on activator elements, we used a modiﬁed
fractional site occupancy model that explicitly accounts for
distances between activators and short-range repressors, as
well as cooperativity and binding afﬁnity of short-range
repressors. We allow for change in repression with distance,
but make no a priori assumptions about how the repression
efﬁciency changes.
For a general description of our model, we use three
parameter types: SR, a repressor-scaling factor, indicating
the potency of the repressor, C, representing cooperativity
between repressor proteins binding to sites that are close
together, and q, representing the distance-dependent ‘quench-
ing’ efﬁciency of the short-range repressors. In genes assayed
here, the activator-binding sites do not vary; therefore,
additional parameters representing activator potency or
binding cooperativity are not required. A more sophisticated
general model incorporating these features is described below
for endogenous sequences.
To apply this model to one of our genes, 2Gt.2Tw.2Dl
(gene 1), we express normalized activator and Giant repressor
concentrations, respectively, as [A] and [Gt], activator and
Giant repressor-scaling factors as SA and SR (which represent
binding afﬁnity and concentration scaling combined into one
scaling factor) (1pSA, SRp100), and cooperativity between
Giant repressor proteins for binding to DNA as C
(0.1pCp100). Quenching, the distance-dependent repression
efﬁciency, is represented by q1 and q2 for the two
Giant repressors in this gene (0pq1, q2p1). As derived in
2. 2Gt.25.2Tw.2Dl
3. 2Gt.35.2Tw.2Dl
4. 2Gt.50.2Tw.2Dl
5. 2Gt.60.2Tw.2Dl
6. 2Gt.75.2Tw.2Dl
7. 2Gt.100.2Tw.2Dl
8. 2Gt.125.2Tw.2Dl
1. 2Gt.2Tw.2Dl
9. 1Gt.2Tw.2Dl
14. 1Gt.2Tw.2Dl.1Gt
11. 2Dl.2Tw.2Gt.2Tw.2Dl
12. 2Gt.2Tw.2Dl.1Gt
13. 2Gt.2Tw.2Dl.1Gt.340
15. 1Gt.2Tw.2Dl.1Gt.340
16. 1Gt.25.2Tw.2Dl
17. 3Gt.50.2Tw.2Dl
18. 3Gt.75.2Tw.2Dl
19. 1Gt.50.2Tw.2D.1Gt
10. 3Gt.2Tw.2Dl
20. 2Gt(af).2Tw.2Dl
24. 1Kni.2Tw.2Dl
21. 1Kr.2Tw.2Dl
22. 2Kr.2Tw.2Dl
23. 3Kr.2Tw.2Dl
25. 2Kni.2Tw.2Dl
26. 3Kni.2Tw.2Dl
27. 2Dl.2Tw.2Kni.2Tw.2Dl
Figure 2 Structures of genes assayed to determine context dependence of
short-range repressor activity, and representative in situ images showing lacZ
activity. Mid blastoderm embryos are oriented dorsal up, anterior to the left.
Genes 1–8 test activator–repressor spacing, 9–10 and 16–18 activator–repres-
sor stoichiometry and spacing, 12–15 and 19 arrangement and promoter
proximity, 11 and 20 activator number and afﬁnity, and 21–27 alternative short-
range repressors.
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fully bound by activators and repressors will be:
Ex  
SA½A 
1 þ SA½A 
 
1 þð 2   q1   q2ÞSR½Gt þCð1   q1Þð1   q2ÞðSR½Gt Þ
2
1 þ 2SR½Gt þCðSR½Gt Þ
2
Comparable expressions are generated for each of the genes
(Supplementary Table I).
Parameter estimation
Parameter estimation is a critical step in implementation of
modeling. We used evolutionary strategy a global parameter
estimation approach described by Runarsson and Yao (2005),
which was shown in a recent study to work well in biological
modeling (Fomekong-Nanfack et al, 2007).
Testing/implementing nine forms of the model
To analyze the quantitative data obtained from the embryos,
we built nine forms of the model featuring increasing
complexity in terms of numberof parametersused; themodels
differ in their treatment of cooperativity and quenching
distance. In the simpler case, a single parameter represents
cooperativity between adjacent Giant repressor-binding sites,
as well as the interaction of all three sites involved in genes 10,
17, and 18. Alternatively, we also used a more complex
treatment in which adjacent sites are ﬁt to C1 and sites
separated by intervening Giant sites are ﬁt to C2. Similarly,
quenching efﬁciency parameters of repressors can be deﬁned
either as unique parameters for each distance oras parameters
for a range of distances, as described in Materials and
methods.
We show a pictorial description of the parameter assign-
ments for scheme 2, a simpler form, in Table I. Supplementary
Table II provides a pictorial description of the parameter
assignments for all schemes.
We compared the nine schemes as explained in model
validation section below. As judged by the error comparison,
schemes 1–4, 8, and 9 work better than schemes 5–7 in this
data set, probably because of the smaller number of
parameters (Supplementary Figure 6). Here, for further
analysis we showed the results of scheme 2. The results of
the schemes 1, 3–6, 8, and 9 were comparable, suggesting that
conclusions drawn from scheme 2 are representative (Supple-
mentary Figure 5).
Model predictions
Earlier identiﬁed qualitative relationships about quenching
and cooperativity/activity provide the backdrop for this work;
the quantitative relationships presented here constitute the
Figure 3 Representative [lacZ] versus [Gt] plots. (A) Structures of three genes assayed (1, 9, and 10). (B, C) Representative embryos imaged for Giant protein and
lacZ reporter gene activity. (D) The data from multiple confocal embryo images was processed and compiled to provide normalized reporter gene [lacZ] versus
normalized repressor [Gt].
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data set. It was striking that certain qualitative and quantita-
tive insights became apparent only after analysis of the
complete data set; these were not relationships that would
necessarily be evident by inspection of individually stained
embryos in Figure 2. First, our model predicts rather modest
levels of Giant–Giant cooperativity, greater than simply
additive, but lower than earlier estimates (Figure 4A) (Segal
et al, 2008).
Second, earlier qualitative observations show that the effect
of short-range repressors decreases with distance, and is lost
around 100–150bp. To our knowledge, our study is the ﬁrst
that analyzes distance dependency of the short-range repres-
sors systematically. Short-range repressor-quenching efﬁ-
ciency is represented by several parameters in the model as
described earlier. We noted a general decrease in quenching
efﬁciency with distance, consistent with earlier qualitative
observations, but at (52–55) bp, relative efﬁciency is predicted
to increase, before dropping off with greater distance
(Figure 4B). This trend was evident for multiple formulations
ofthemodel(SupplementaryFigure5),andpersistedwhenwe
carried out parameter estimation with subsets of the data (see
below), indicating that the non-monotonic behavior reﬂects a
real biochemical property of the Giant repressor. The change
in this monotonic behavior may be a reﬂection of speciﬁc
phasingeffects,perhapsrelatingtonucleosomalstructure.The
non-monotonic decline in repression effectiveness was an
unexpected result of our modeling and contrary to the simple
step functions or linear functions used in earlier modeling
efforts (Janssens et al, 2006; Zinzen et al, 2006). Note that the
reduction in repression efﬁciency at B30bp does not imply
that gene 3 (2Gt.35.2Tw.2Dl) should have weak repression,
because this gene has an additional more distal-binding site
that also contributes to activity through quenching and
cooperativity.
Third, the repressor-quenching efﬁciency parameters are
similarwhethertherepressorwaslocatedadjacenttotheTwist
or to the Dorsal activator site, which suggests that short-range
repressors have similar effects on different activators
(Figure 4B). The short-range repression mechanism seems to
involve chromatin modiﬁcation, which may allow for more
promiscuous action on many types of transcription factors,
rather than a mechanism based on speciﬁc contacts between
repressor and activator (Li Li (Arnosti Lab), unpublished
data). This activator insensitivity is consistent with the action
of short-range repressors on a range of enhancers that bind
diverse transcriptional enhancers (Gray et al, 1994; Kulkarni
and Arnosti, 2005). Parameters identiﬁed in this study are,
therefore, likely to be generally applicable to diverse settings.
We tested whether the non-linear quenching is critical to
obtaining reasonable parameters by repeating our procedure
Table I Parameter descriptions for scheme 2
Gene Parameter assignments  Gene structure
1. 2Gt.2Tw.2Dl  Q1=q1, Q2=q2
2. 2Gt.25.2Tw.2Dl  Q1=q2, Q2=q3
3. 2Gt.35.2Tw.2Dl Q1=q2, Q2=q4
4. 2Gt.50.2Tw.2Dl Q1=q3, Q2=q5
5. 2Gt.60.2Tw.2Dl Q1=q4, Q2=0
9. 1Gt.2Tw.2Dl  Q1=q1
16. 1Gt.25.2Tw.2Dl Q1=q2
10. 3Gt.2Tw.2Dl Q1=q1, Q2=q2, Q3=q3
17. 3Gt.50.2Tw.2Dl Q1=q3, Q2=q5, Q3=0
12. 2Gt.2Tw.2Dl.1Gt Q1=q1, Q2=q2, Q3=q6
14. 1Gt.2Tw.2Dl.1Gt Q1=q1, Q2=q6
19. 1Gt.50.2Tw.2Dl.1Gt Q1=q3, Q2=q6
C1
Q1
Q2
Q1
Q3
Q1
Q2
Q1
Q2
Q1 Q2
Q3
C2
C1
C1
C1
In the ﬁrst column, 12 synthetic enhancers used for parameter estimation in this
study are listed. In the second column, parameter selections are shown. In the
third column structure of the synthetic enhancers are depicted.
Figure 4 Parameters found by the ES parameter estimation technique for scheme 2 of the model. (A) Root mean square error, E, is shown on the left, with
corresponding scale shown on the left axis. Repressor-scaling factor R (referred to as SR in fractional occupancy model in Materials and methods) and cooperativity C
are shown in the central and right portions, respectively, with scale shown on the right axis. (B) Quenching efﬁciency parameters are shown for increasing distances of
repressorslocated50 oftheactivatorsontheleft.QuenchingefﬁciencylevelsrelativetoTwistproximal(T)sitesandDorsalproximal(D)sitesareshownintherightpanel.
A non-monotonic decrease in quenching efﬁciency for increasing distances is observed.
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quenching efﬁciency. As shown in Figure 5, this constraint
produced parameter sets that predicted repressor-quenching
efﬁciency would remain almost constant between 6 and 77bp,
which is not supported by this or earlier studies. For example,
the 35bp increase in spacing between gene 2 and gene 5 has
a measurable effect. Therefore, the non-monotonic decrease
in quenching efﬁciency is likely to indicate some actual
biological property of the repressors and should be validated
experimentally.
The recent fractional occupancymodeling of44 endogenous
Drosophila enhancers identiﬁed potential cooperativity values
that were somewhat greaterthan those found here. We ran our
parameter estimation algorithm with ﬁxed Giant cooperativity
values found in Segal et al (2008) and estimated the remaining
parameter values in our model. We observed that although the
main conclusions of our study did not change, the overall
ﬁtting was slightly worse (Figure 6). We extended this analysis
by running our parameter estimation algorithm with eight
more choices of Giant cooperativity values. Although we
tested Giant cooperativity values ranging from 0 to 30, the root
mean square errors between predicted and observed values
did not change drastically, with minimum at cooperativity
value3.WenotethatcooperativitymayreﬂectDNA-bindingor
post-DNA-binding effects; explicit measurements of in vivo
protein occupancy may help differentiate these two.
Model validation
The analysis described above involved identifying parameters
using all data available. An important question is whether
such values are overﬁt, and whether the model and parameter
estimationtechniquearerobust,thatisrelativelyinsensitiveto
contributionsofindividualportionsofthedataset.Robustness
of the parameter estimation technique is described in the
supplementary material; here, we assess the model’s effec-
tiveness at predicting subsets of the data. We tested whether
parameter estimation was markedly affected by removal of
individual genes from the data set (leave-one-out analysis)
(Figure 7A). We used nine different forms of the model to
evaluate the effects including different assumptions of
cooperativity and quenching. We calculated the average of
12 leave-one-out prediction root mean square errors for
each scheme, and used these error values for comparison
of schemes (Pizarro et al, 2000). As judged by the error
comparison, schemes 1–4, 8, and 9 work better than schemes
Figure5 Parameters for scheme 2withthe constraint thatquenching efﬁciencyparameters decrease monotonically. (A)Root mean square errorE, repressor-scaling
factorR,andcooperativityClabeledasinFigure4.(B)QuenchingefﬁciencyparametersandrelativequenchingofDorsalandTwistsites.Underthisconstraint,thelevel
of quenching efﬁciency changes very little from 28 to 66bp, in contrast to observed trends (Figure 2).
Figure 6 Parameters for scheme 2 with cooperativity parameters set to different levels. (A, B) Parameters found in our study (circles) and parameters found by
constraint of cooperativity parameters to those from Segal et al (2008) (diamonds). The increased cooperativity value is compensated by a decreased repressor-scaling
factorR.(C)Root mean squareerrors(RMSE) forcooperativity parameters (constrained tovaluesbetween0and30).Estimatedcooperativity valuesfromour modellie
near the lowest point in this curve.
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parameters (Supplementary Figure 6). Leave-one-out analysis
was extended by excluding nine separate, speciﬁc groups of
genes that share structural properties (Figure 7B). The sets
used for this analysis are described in Table II. The results of
excluding individual genes orsets of relatedgenes suggest that
genes that depend on fewer parameters, such as 1Gt.2Tw.2Dl
(gene 9), which has no contribution by repressor–repressor
cooperativity, may not be predicted well in our analysis. Thus,
the contributions of certain classes of gene can be great.
Parameters found by leave-one-out analysis did not change
much, but the parameters found by leaving out speciﬁc sets of
genes changed depending on the genes chosen (Figure 7A and
B). The predictions for genes 1, 10, and 12 by the parameters
estimated from set 8, which excludes genes 1, 10, and 12, are
shown in Figure 7C. We conclude that the set of gene modules
Figure 7 Validation of modeling by prediction of subsets of the data from parameters derived from the remainder of the data. (A) Leave-one-out analysis. Root mean
square errors are calculated using parameters found by 11 genes excepting the genes indicated, and all the genes. Relative RMSE ratios, indicating greater errors for
prediction of genes 2, 9 and, 16, indicating their greater contribution to the parameter constraints. (B) Leave-sets-out analysis for nine distinct sets of genes deﬁned by
their shared properties (Table II). Root mean square errors are calculated using parameters found from the reduced set and the entire set. Relative RMSE ratios,
indicating greater errorsfor prediction of sets 1, 2, and 4,indicatingtheir greater contribution to the parameter constraints. (C) Predictions for leaving out set 8. Genes1,
10, and 12 are predicted by using parameters found from other 9 genes. Points represent average values for [lacZ] versus [Gt] data, which was divided into 20 bins. (D)
Parameter estimation results are shown for different amounts of data 50, 75, and 100%. The data is cut randomly from each gene at the same percentage.
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critical elements for repressor activity in a robust manner.
Each embryo, with its thousands of imaged nuclei repre-
senting different levels of transcription factors, provides a
matrix of input and output values that should in theory sufﬁce
to describe the response of a gene construct. However,
variations in embryo age, staining, and orientation necessitate
multipleimagesforeach gene.Weobtained between 30and53
good quality images for each gene used in our parameter
estimation. To test whether this data set is sufﬁcient, or
additional individual images would signiﬁcantly change the
conclusions reached, we sampled randomly 50 or 75% of the
images from each reporter gene construct, and repeated the
parameter estimation. Reducing the data set by one quarter or
even one half does not change the value of estimated
parameters drastically or the main conclusions of the paper
(Figure7D).Thisresultsuggeststhatourdatasetissufﬁciently
complete, allowing us to draw signiﬁcant conclusions. In
contrast, as shown above, decreasing the number of genes
rather than just the number of images obtained for each gene,
can affect our results drastically (Figure 7A and B).
Extension of the model to other repressors and
endogenous regulatory elements
Our modeling focused on repression mediated byGiant, which
possesses quenching properties similar to those of Snail,
Kru ¨ppel, and Knirps (Gray et al, 1994; Hewitt et al, 1999;
Kulkarni and Arnosti, 2005). To extend these ﬁndings to other
short-range repressors, Kru ¨ppel and Knirps were tested in
parallel genes containing one, two, or three binding sites
(genes 21–26). As was evident from qualitative staining, both
proteins mediated repression, but Kru ¨ppel seemed to be a
more effective repressor in terms of completeness of reduction
of lacZ activity. We measured Knirps or Kru ¨ppel protein levels
with antibodies as was carried out with Giant, and created
[lacZ] versus [repressor] plots for parameter ﬁtting. The
limited number of genes tested for these factors did not
exhaustively explore possible architectural features, thus
making it difﬁcult to differentiate effects of spacing, coopera-
tivity, and relative activity. We judged distance parameters
most likely to be conserved between these different factors,
based on earlier tested genes; therefore, the modeling was
carriedoutusingquenchingparametersfromGiant(Grayetal,
1994; Arnosti et al, 1996a). Modeling was performed to
identify likely scaling factors and cooperativity constants.
Using the same form of the model used for Figure 4, we found
that cooperativity parameters were low (e.g. Kru ¨ppel¼2;
Knirps¼0.67), similar to those observed for Giant (Supple-
mentary Figure 5; Supplementary Table V). The major
difference between Kru ¨ppel and Knirps was the repressor-
scalingfactor,whichwaslowinthecaseofKnirps(B1.4), and
morerobustfor Kru ¨ppel(B30),similar to that of Giant (B14).
Differences in repression efﬁciency may be attributed to
distinct levels of cooperativity, but the model suggests that
such homotypic interactions are of minor importance. This
prediction suggests that the higher effectiveness of Kru ¨ppel is
likely because of greater potency of this protein on a molar
basis, a more complete occupancy of the binding sites because
of their higher afﬁnity, or higher concentrations of the
repressor. Further analysis will be required to separate these
effects.
Dorsal and Twist activators were studied earlier in the
context of the rhomboid (rho) neuroectodermal enhancer
(NEE),inwhichtheiractivitywasusedtoidentifypropertiesof
short-range repressors, including Snail. This protein is
required to block expression of rho in the mesoderm, resulting
in two lateral stripes of expression in the presumptive
neuroectoderm of the blastoderm embryo (Figure 8A). Four
Snail-binding sites are located within the 330bp minimal
NEE enhancer, and loss of these sites strongly attenuates
repression, permitting expression in the mesoderm (Gray
et al, 1994). A single Snail site (#2) is sufﬁcient to mediate
repression, and similar repression is effected by ectopic Snail,
Kru ¨ppel,orKnirpssitesintroduced50 and30 oftheDorsal1and
4 sites,respectively, orevena singleSnail site30 oftheDorsal4
site (Figure 8A) (Gray et al, 1994; Arnosti et al, 1996a).
As an extension of our analysis, we tested quenching
parameters produced from our model on this element, and
carried out parameter estimation to determine values of
cooperativity and scaling factors. This modeling is more
complex than that used for genes in Figure 2, because we now
consider scaling factors for each transcription factor, not just
for the repressor, and binding sites of different qualities are
considered. Position weight matrix (PWM) information was
used to score Dorsal, Twist, and Snail sites within the rho NEE.
In addition, we consider cooperativity not just between
repressor sites, but also between activator sites, both of
heterotypic (Dorsal–Twist) and homotypic (Twist–Twist)
nature. A further consideration is that information about these
rho NEE variants is qualitative; a single Snail site can repress,
but may not be as effective as four Snail-binding sites.
Simultaneous parameter estimation was carried out using
the forms of the rho NEE shown in Figure 8A. We estimated
levels of mesodermal repression to be 490% for the
endogenous gene, 70–90% for genes carrying one Snail #2-
bindingsite ortwoectopic-binding siteslocated50 and30 ofthe
element, and 50–70% for one Snail site located 30 of Dorsal #4.
Evolutionary strategy parameter estimation was performed
multiple times to identify parameters for cooperativity and
scaling factors, as well as the predicted effect on expression
Table II Functionally grouped sets of gene constructs used for leave-sets-out
analysis shown in Figure 7B
Set# Excluded genes
1 GeneswithoneorthreeGiant-bindingsites(9,10,12,16,and17)
2 Stoichiometry genes (1, 9, and 10)
3 Genes with adjacent Giant-binding sites in both 50 and 30 end of
activators (12, 14, and 19)
4 Genes with only one Giant-binding site (9 and 16)
5 Genes with exactly three Giant-binding sites (10, 12, and 17)
6 Genes with one Giant-binding site at 50 end of activators
(9, 14, 16, and 19)
7 Genes with one Giant-binding site immediatelyadjacent to the 50
end of activators (9 and 14)
8 GeneswithatleasttwoGiant-bindingsitesimmediatelyadjacent
to the 50 end of activators (1, 10, and 12)
9 Genes with three Giant-binding sites adjacent to the 50 end of
activators (10 and 17)
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evident from this exercise; ﬁrst, to ﬁnd optimal values, the
model consistently predicts that the wild-type rho NEE,
containing four Snail sites, will have output at the lowest
end of the allowed range, close to zero, whereas the internal
Snail site #2, or the two ectopic ﬂanking Snail sites, generates
values close to the bottom of the allowed range, at about 10%
residual activity (Figure 8A). The single ectopic Snail site 30 of
Dorsal #4 is predicted to mediate repression in the middle of
the allowable range, about 40% residual activity, consistent
with published images (Gray et al, 1994). The scaling factor
for Dorsal (i.e. its overall activity) is considerably lower
than that predicted for Twist, whereas the scaling factor for
Snail is similar to those of Kru ¨ppel and Giant (Figure 8B).
Dorsal–Twist cooperativity values vary considerably, with
Dorsal2–Twist1 cooperativity predicted to be lower than
Twist2–Dorsal3, consistent with the closer spacing of the
latter two factors (Crocker et al, 2008). Twist–Twist coopera-
tivity is also predicted to be high. These relative differences in
activator-scaling factors and cooperativity values support
known features of the rho NEE; the low-scaling factors for
Dorsal sites are consistent with the inability of individual
Dorsal sites to mediate robust activation (Ip et al, 1992); but in
combination with Twist sites they add considerably to the
output of the enhancer. A single repressor-binding site that is
not close to most of the activator sites would in this model still
be able to impair enhancer function by initiating a chain-
reaction collapse of cooperative interactions. The native rho
NEEdoesnotseemtorelysolelyonthismechanism,asmostof
theidentiﬁedactivatorsitesliewithinashortdistanceofoneof
the four Snail sites, suggesting a redundant approach to
repression. It will be interesting to survey the entire set of
enhancers targeted by short-range repressors to determine
whetherthisfeatureisconsistentlyobservedinmostelements.
Discussion
In the past 20 years, essential features of the complex
biochemistry of gene regulation have come into focus, but
we still lack a comprehensive picture of how a transcriptional
enhancer operates. Quantitative models, based on aspects of
thesystemthatarereadilyquantiﬁable,suchasDNAsequence
of a regulatory region, quantities of regulatory proteins, and
transcript levels, offer an alternative route to learn about
important features of regulatory systems. When combined
with biochemical and genomic information, such models may
provide the bridge that will allow deeper understanding of the
function and evolution of cis-regulatory elements, which are
the nexus of many biological processes.
In this study, by using a reductionist analysis of short-range
repression, we explored a relatively untouched, yet central
aspect of gene regulation in Drosophila. Earlier qualitative
studies highlighted the extreme distance dependence of short-
range repressors, and comparative analysis has shown many
instances of evolutionary plasticity of regulatory regions
controlled by these proteins (Gray et al, 1994; Ludwig and
Kreitman, 1995; Hewitt et al, 1999; Hare et al, 2008). Knowing
that transcription factors inﬂuence each other in a local
manner permitted the identiﬁcation of novel enhancers, based
on the clustering of binding sites (Berman et al, 2002;
Schroeder et al, 2004). Yet, clustering studies alone do not
provide the basis for predicting evolutionary changes that
reshape transcriptional output, or predicting activity of
coregulated enhancers. For example, the original hypothesis
that the afﬁnity and or number of Bicoid-binding sites dictates
the output of regulated genes has been replaced by an
understanding that other, as-yet unknown features, seem to
have more decisive functions (Driever et al, 1989; Gao et al,
1996; Ochoa-Espinosa et al, 2009).
Earlier modeling studies focused on endogenous enhancers,
which have complex arrangements of transcription factor-
binding sites. Our studies focused on detecting quantitative
differences resulting from subtle differences in binding sites,
allowing modeling with a tractable number of parameters. We
used a common block of Dorsal and Twist activator sites,
allowing us to focus on changes made in the number and
arrangement of repressor sites; clearly, differences in afﬁnity,
12 34
1 23 4 12
Mesodermal
expression
0.16% ± 0.01%
11% ± 0.9%
11% ± 0.9%
41% ± 1%
Parameters
A
B
Scaling Factors
Dorsal: 1.2 ± 0.13
Twist: 75 ± 18
Snail: 54 ± 6.5
Cooperativity
Dorsal2-Twist1: 7 ± 1.3
Dorsal3-Twist2: 74 ± 16
Twist1-Twist2: 69 ± 22
Snail2-Snail3: 65 ± 20
rho
Figure 8 Extension of the model to endogenous regulatory elements. (A) The
rhomboid gene is expressed in the blastoderm embryo in two lateral stripes (one
shown in focal plane), under control of the Dorsal and Twist activators. Ventral
expression is inhibited by the Snail short-range repressor, which is expressed in
the presumptive mesoderm. The cis-regulatory modules used for analysis are
shown. Different forms of rhomboid NEE enhancer are depicted, with varying
number and arrangements of Snail short-range repressor-binding sites. Dorsal
andTwistactivatorsareshownbylargeandsmallgreencircles,respectively,and
Snail repressors are shown by red squares. On the right are the predicted
repression levels caused by Snail-binding sites shown in each module based on
parameter estimation using this group of enhancers. (B) Predicted parameters
for scaling factors for each transcription factor and cooperativity. Average and
standard deviation for 20 estimation runs are shown.
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functions in dictating transcriptional output; thus, future
modeling efforts will need to integrate these elements as well.
The tight focus on short-range repressors with the analysisof a
relatively small number of reporter genes provided sufﬁcient
data for robust estimation of important parameters (Figure 7).
From our comparison of repression by other short-range
repressors, it is likely that the analysis of Giant can guide
studies of other similarly acting repressors, including Kru ¨ppel,
Knirps, and Snail (Figure 8).
Relating to transcriptional regulatory code, our study
uncovered speciﬁc quantitative features that seem to apply
to short-range repressors in a general context. We identiﬁed a
complex non-linear quenching relationship that suggests that
within the range of activity, Giant, and probably other short-
range repressors,haveanoptimumdistance ofaction thatmay
reﬂect steric constraints (Figure 4). Multiple formulations of
the model generated very similar predictions, suggesting that
this non-linear distance function is a real feature of the system
(Supplementary Figure 5). Consistent with this notion, an
earlier study of transcription factor-binding sites in Drosophila
enhancers discovered an overall preference of Kru ¨ppel sites to
be found 17bp from Bicoid activator sites, which may be an
indication that other short-range repressors also have pre-
ferred distances for optimal activity (Makeev et al, 2003).
The similar quenching efﬁciencies for repressors acting
adjacent to Dorsal or Twist activator sites were an additional
signiﬁcant ﬁnding (Figure 4). The similar effect on disparate
activator proteins indicates that the effects of short-range
repression are general, and are likely to be translatable to
distinct contexts. Earlier empirical tests had already pointed in
this direction; for example, insertion of ectopic-binding sites
for Knirps and Kru ¨ppel into rho NEE sequences is sufﬁcient to
induce repression, although these proteins do not usually
cross-regulate (Gray et al, 1994; Arnosti et al, 1996a). In
addition, short-range repressors can counteract a variety of
transcriptional activation domains with similar efﬁciency,
suggesting that speciﬁc protein–protein contacts are not
essential (Arnosti et al, 1996b; Kulkarni and Arnosti, 2005).
In one area we found quantitative differences between
parameters derived from the synthetic gene modules and the
endogenous regulatory regions. The importance of homotypic
cooperativity predicted for Snail sites in the context of the rho
NEE was overall much higher than that found for Giant,
Kru ¨ppel, and Knirps sites acting on the synthetic gene
constructs; this might be an example in which the individual
proteins do exhibit different context dependencies perhaps
because the proteins differ in level of stickiness. Alternatively,
the distance between the Snail sites in question, 23bp, might
facilitate cooperative interactions much more than the closely
apposedspacingusedinourgenes,inwhichstericinterference
may have an opposing function.
In modeling mutant forms of the endogenous rho NEE, we
uncoveredseveralimportantfeaturesofthearchitectureofthis
regulatory region. This enhancer seems to use redundancy in
use of Snail to mediate repression; based on earlier experi-
ments, it seems that even a single Snail site is sufﬁcient to
mediate repression (Gray et al, 1994). Such redundancy may
provide the correct dynamical response, with a swift repres-
sion of rho at an early enough time in which Snail levels
are still low, or it may ensure that gene output is robust to
environmental and genetic noise.
The rho NEE modeling also highlighted features of tran-
scriptional activators.Activator-scaling factorsfor Dorsalwere
reproducibly lower than those of Twist, and this was apparent
for several different assumptions of expression level (Figure 8
and data not shown). The relative differences in contribution
to activation can be explained by examination of the structure
of the enhancer; contribution by the low intrinsic values of
Dorsal is ampliﬁed by strong cooperativity with Twist, setting
up a chain of interacting weak sites that together are highly
active. Experimental evidence bears out these conclusions:
isolatedDorsalsitestestedonreportergenesmediaterelatively
weak activation, and a rho NEE lacking Twist sites, but
containingfourDorsalsites,issimilarlycompromised(Ipetal,
1992; Szymanski and Levine, 1995).
Our earlier studies suggested that many developmental
enhancers, including those regulated by short-range repres-
sors, may possess a ﬂexible ‘billboard’ design, in which
individual factors or small groups of proteins would indepen-
dently communicate with the promoter region, so that the net
output of an enhancer would reﬂect the cumulative set of
contacts overashort timeperiod(Kulkarni andArnosti, 2003).
Such a view of enhancers would account for the evolutionary
plasticity observed in regulatory sequences. No DNA-scaf-
folded superstructure, reﬂecting the formation of a unique
three-dimensional complex, would be necessary in this
scenario. Yet, our modeling suggests that the rho NEE might
involve communication between relatively distant-binding
sites, through sets of cooperative interactions. In this case, it is
possible that such distant interactions might be compatible
with a ﬂexible structure, if many distinct conﬁgurations of
binding sites provide such a cooperative network. Current
studies have indeed highlighted potential frameworks invol-
ving Dorsal and interacting factors on same classes of
enhancer (Erives and Levine, 2004; Papatsenko and Levine,
2007). Application of a transcriptional regulatory code
integrating activities of activators and repressors is a critical
next step to illuminate enhancer design and evolution.
Materials and methods
Reporter genes
The binding motifs for the Giant, Kru ¨ppel, and Knirps short-range
repressors and the Twist and Dorsal activators used in this study were
characterized in earlier studies (Szymanski and Levine, 1995; Hewitt
et al, 1999; Kulkarni and Arnosti, 2005).
Regulatory modules were constructed in pBluescript KS(þ) using
the EcoRI, BamHI, XbaI, and SacII restriction sites, ampliﬁed by
PCR using T3 and T7 primers, and amplicons were digested with
EcoRI and SacII and subcloned into the compatible sites of C4PLZ
(Wharton and Crews, 1993). Gene 1 contains two Giant-binding sites
inserted between EcoRI and BamHI, two Twist sites inserted between
BamHI and XbaI, and two Dorsal-binding sites between XbaIa n dSacII.
Gene 2 includes a 25bpspacer inserted between Giant and Twist sites
using BamHI. For genes 4, 6, 7, and 8, the same 25bp spacer was
concatemerized and inserted at BamHI. For genes 3 and 5, a 35 or 60bp
spacer was inserted at BamHI, between the Giant- and Twist-binding
sites. Spacer DNAs were analyzed for putative-binding sites to known
blastoderm regulatory proteins. Gene 9 contains a single Giant-binding
site inserted between EcoRI and BamHI. Gene 10 was constructed by
digestion of the parent gene 1 pBluescript plasmid with EcoRI and
insertionofthesingleGiant-bindingsite,preservingasingle50 EcoRI site.
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extraGiant-bindingsite30 oftheDorsalsitesusingSacII.Forgenes13and
15,inwhichthebindingsitesaremovedawayfromthebasalpromoterof
lacZ reporter gene, a 340bp spacer was ampliﬁed from the coding region
ofknirpsgene and insertedintothe SpeI of C4PLZplasmid(Kulkarniand
Arnosti, 2005). Aweaker Giant sitewas tested in gene 20. The sequences
for all oligos used are shown in Supplementary Table III. All gene
cassetteswereconﬁrmedbysequencing,andatleastﬁvetransgeniclines
of each gene were analyzed by in situ hybridization for lacZ expression
pattern. Lines showing enhancer trapping were not included in the
analysis. Fixed embryos from two to three transgenic lines of each gene
were used for confocal laser scanning microscopy.
Image processing
A ﬁve-stepprocedurewasappliedto all embryo imagesasdescribedin
Ay et al (2008), involving binary image generation, rotation, outlier
removal, background subtraction, and normalization. We ﬁrst
identiﬁed and subtracted non-speciﬁc signals (outliers) observed in
the Giant channel, then identiﬁed and subtracted background from
each embryo. Background intensities for the lacZ and Giant channels
were subtracted using average values from regions lacking activators
and repressors. Next, we normalized the Giant channel for similarly
aged and oriented embryos. The lacZ channel was normalized using
the average signal in a region deﬁned by 50–60% egg length of the
embryo (anterior-posterior) and peak to 60% of the peak (dorsal–
ventral). Our data set comprises expression data from 20 lacZ reporter
genes regulated by Giant, 3 lacZ reporter genes regulated by Kru ¨ppel,
and 4 lacZ reporter gene constructs regulated by Knirps. Over 900
blastoderm embryos were quantiﬁed to aid in parameterization
of repressor and lacZ expression. Images were processed as described
above and [lacZ] versus [repressor] (Giant, Kru ¨ppel, or Knirps)
plots were created. Further details are provided in Supplementary
information.
Data set
A total of 769 embryos bearing lacZ reporter gene constructs regulated
by the Giant repressor protein were analyzed and an additional 45
and 88 were analyzed for genes regulated by Kru ¨ppel and Knirps,
respectively. Genes 6, 7, 8, and 18 were not used in the quantitative
modeling because no Giant repression was ever observed, and an
ectopic modulation of the reporter gene by unknown factors in a
fraction of the imaged embryos made this data especially noisy.
All primary data are available on our server at: http://www.
arnosti-lab.bmb.msu.edu/moreArnostipubs.html.
Schemes
Distinctformsofourmodelwereimplementedinwhichthequenching
parameters were grouped in different ‘bins’ of distances. For distances
481bp, quenching efﬁciencies of the repressors are taken as 0,
motivated by our genes 6–8, which shows no repression.
Schemes 1, 2, and 8: q1 (6bp), q2 (28–41bp), q3 (50–56bp),
q4 (63–66bp), q5 (78bp), q6 (6bp from 30 end of activators).
Schemes 3, 4, and 9: q1 (6bp), q2 (28–41bp), q3 (50–53bp),
q4 (56–66bp), q5 (78bp), q6 (6bp from 30 end of activators).
Schemes 5: q1 (6bp), q2 (28–31bp), q3 (41–50bp), q4 (53–56bp),
q5 (63–66bp), q6 (78bp), q7 (6bp from 30 end of activators).
Schemes 6: q1 (6bp), q2 (28–31bp), q3 (41bp), q4 (50–56bp),
q5 (63–66bp), q6 (78bp), q7 (6bp from 30 end of activators).
Schemes 7: q1 (6bp), q2 (28bp), q3 (31bp), q4 (41bp), q5 (50bp),
q6 (53bp), q7 (56bp), q8 (63bp), q9 (66bp), q10 (78bp), q11 (6bp
from 30 end of activators).
We also tried different expressions of cooperativity. In schemes 1, 3,
5, 6, and 7, only one parameter is used for Giant–Giant cooperativity.
In schemes 2, 4, 8, and 9, two parameters are used for Giant–Giant
cooperativity, in which the ﬁrst parameter describes cooperativity of
Giant proteins with 10bp distance and the second describes
cooperativity for 32bp distance. In schemes 2 and 4, we described
the cooperativity of observing all three Giant proteins on the DNA as
the summation of the two cooperativity parameters, and in schemes 8
and 9 as the multiplication of the two cooperativity parameters.
Derivation of the model for gene 1
We express efﬁciency of the activator group bound and not bound,
respectively, as EA and EN, and efﬁciency of the Giant repressor as EGt.
We represent the efﬁciency vector that represents efﬁciency for each
state of activator set and Giant repressors as E, the state vector of
activator set and Giant repressors as F, the regulatory function that
transforms each efﬁciency vector input to transcription level as T, and
totalsteadystatetranscriptionlevelasEx.Theprobabilityofeachstate
of those proteins on the DNA can be calculated. As the activator-
binding sites do not vary within the genes tested here, the Dorsal and
Twist activators are not parameterized, and are considered as one
group. We set SA[A] equal to 100 with the assumption that in the
absence of Giant repressor protein, the activators are fully functional.
A set of eight equations describes all possible states of this gene. For
simpliﬁcation, we use the following formulas: Z¼(1þSA[A])(1þ2SR
[Gt]þC(SR[Gt])
2).
No activator and repressor bound: FN¼1/Z.
Activator set is bound: FA¼(SA[A])/Z.
Proximal Giant to the activator set is bound: FGt1 ¼ SR½Gt =Z:
Distal Giant to the activator set is bound: FGt2 ¼ SR½Gt =Z:
Activator set and proximal Giant to the activator set is bound:
FAGt1 ¼ SA½A SR½Gt =Z:
Activator set and distal Giant to the activator set is bound:
FAGt2 ¼ SA½A SR½Gt =Z:
Both Giant repressors are bound: FGt1Gt2 ¼ CðSR½Gt Þ
2=Z:
Activator set and both Giant repressors are bound: FAGt1Gt2¼
ðSA½A CðSR½Gt Þ
2Þ=Z:
Then the states vectorof one activatorset and two repressors can be
written as F ¼½ FN;FA;FGt1;FGt2;FAGt1;FAGt2;FGt1Gt2;FAGt1Gt2 :
In the above expressions, we stated all the Boltzmann states of
an enhancer with one activator set and two repressor-binding sites.
We claim that the binding of the repressors modulates the probability
of states with activators and repressors simultaneously bound
by a quenching factor. For example, binding of the activator A and
repressor R1 simultaneously is reduced by a factor of (1 q1). We can
modify the probability of states, in the following way: ~ F ¼½ FN;FA;
FGt1;FGt2;FAGt1ð1   q1Þ; FAGt2ð1   q2Þ;FGt1Gt2;FAGt1Gt2ð1   q1Þð1   q2Þ :
Next, we calculate the total efﬁciency of the enhancer when factors
are bound on the DNA. We model cooperativity between Giant sites,
which might be, for example, because of cooperative cofactor
recruitment, with an additive function, so the total efﬁciency of
Giant repressors bound to the DNA at the same time is
EGt1Gt2¼ wGt
1 EGt1 þ wGt
2 EGt2where wGt
1 and wGt
2 are the cooperativity
terms after binding. The efﬁciency of one activator set and two
repressors are expressed in the following way, each term representing
one state of the all possible states: E ¼½EN;EA;EGt1;EGt2;EAGt1;
EAGt2;EGt1Gt2;EAGt1Gt2 ¼ ½EN;EA;EGt1;EGt2;EA þ EGt1;EA þ EGt2;wGt
1 EGt1þ
wGt
2 EGt2;EA þ wGt
1 EGt1 þ wGt
2 EGt2 :
Expression contributions from each state are added to obtain the
total expression: Ex ¼
P
i
~ FiTðEiÞ:
If we set the following simple assumptions EN¼0, EA¼10, EGt1 ¼ 0,
EGt2 ¼ 0 and TðxÞ¼1=ð1 þ e5 xÞ, the total expression of the enhancer
with 1 activator set and 2 repressor-binding sites can be written as:
Ex  
SA½A 
1 þ SA½A 
 
1 þð 2   q1   q2ÞSR½Gt þCð1   q1Þð1   q2ÞðSR½Gt Þ
2
1 þ 2SR½Gt þCðSR½Gt Þ
2
Expression functions (Ex) for all cases are shown in Supplementary
Table I. Further details about the model are explained in the
Supplementary information.
Modeling endogenous enhancer sequences
We made the following assumptions to simplify the parameter
estimation for modeling of the rho NEE: (1) we model activity of the
NEE in the mesoderm, in which Dorsal and Twist levels are high, and
Snail is present at uniform levels. We used values for expression
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also carried out parameter estimation with values of þ3o rþ7 for
activators and  3o r 7 for Snail, and obtained essentially equivalent
results. (2) We set quenching parameters to those obtained from our
modeling, as shown in Figure 4, on the reasonable assumption that
these are functionally equivalent among short-range repressors. (3) To
reduce the number of possible parameters, we only included
cooperative interactions between factors that are nearest neighbors,
and are located within 25bp of each other. (4) We allow that the
relative effectiveness of repression with four Snail sites might be
higher than that seen with one or two, and stipulate ranges of
repression in which parameter space is investigated (Figure 8). (5) We
set ranges for cooperativity and scaling factors from 1 to 100. (6) For
each transcription factor, we took the score of the strongest site among
all those that bind that transcription factor as a free parameter and
constraintheothervaluesbytreatingthePWMscoreasafreeenergyof
binding (Stormo, 2000). We used PWMs created from FlyReg database
by Daniel A. Pollard, which are available at: http://www.ﬂyreg.org/.
As an example, the two Twist sites differ considerably in terms of their
match to a consensus PWM, with Twist site #2 predicted to have
a 47-fold lower score than Twist site #1, although it still has a
considerably higher score than background sequences.
Supplementary information
Supplementary information is available at the Molecular Systems
Biology website (www.nature.com/msb).
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